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In this study, chitosan coated Mn-doped ZnS quantum dots (CS@ZnS:Mn D-dots) were obtained in aque- 
ous media under ambient pressure. The interaction and illumination damages of CS@ZnS:Mn D-dots 
with bovine serum albumin (BSA) were studied by means of ultraviolet-visible (UV-vis) and fluores- 
cence (FL) spectra. It was found that the FL of BSA was quenched by CS@ZnS:Mn D-dots. The dominating 
quenching mechanism of CS@ZnS:Mn D-dots with BSA belongs to dynamic quenching. Hydrophobic 
interaction plays a major role in the CS@ZnS:Mn-BSA interaction; binding processes are spontaneous. 
Influencing factors such as illumination time and CS@ZnS:Mn D-dots concentrations were considered. 
The FL quenching effect of BSA by CS@ZnS:Mn D-dots is enhanced with the increase of illumination time 
and CS@ZnS:Mn D-dots concentration. The FL enhancement of CS@ZnS:Mn D-dots by BSA under UV illu- 
mination was also observed. It was proved that, the interaction of CS@ZnS:Mn D-dots with BSA under 
UV illumination is mainly a result of a photo-induced free radical procedure. CS@ZnS:Mn D-dots may be 
used as photosensitizers in photodynamic therapy. 

© 2015 Elsevier B.V. All rights reserved. 


1. Introduction 

Semiconductor nanocrystals, also named quantum dots (Q- 
dots), have been widely explored as biomedical labeling reagents 
since 1998 [1-7]. The fluorescence of Q-dots is intrinsic, bright, 
and prolonged, and surpasses the sensitivity and resolution capa- 
bility of organic dyes and proteins. During the past 1 0 years, type-II 
cadmium-based Q-dots have been widely used for fluorescence 
biological labeling [8,9]. However, experimental results indicate 
that any leakage of cadmium from the nanocrystals would be toxic 
and fatal to biological system [10-12 . For these reasons, numerous 
researches are currently conducted to develop Q-dots without any 
heavy-metal ions [13-15]. A new class of potential fluorescence 
material-doped semiconductor nanocrystals (D-dots), which are 
based on transition-metal-ion-doped D-dots without heavy-metal 
ions, can overcome the toxicity problems of traditional Q-dots 
mentioned above. Moreover, D-dots can potentially possess more 
unique properties, that is, zero reabsorption, high temperature 
stability, and reduced Chemical sensitivity 14 . Among them, Mn- 
doped ZnS D-dots have been studied because it exhibited a typical 
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photoluminescence from the Mn 2+ 4 Ti -> 6 Ai transition centered 
at about 595 nm [16,17 . Since biomedical fluorescence imaging, 
especially noninvasive in vivo imaging, requires deep penetra- 
tion of light into and out of tissues, and the best penetration is 
achieved by light with a near-infrared wavelength ranging from 
600 to 1 000 nm 18,19], Mn-doped ZnS D-dots may become a new 
class of practical fluorescence biological labeling. 

It is well known that the accessibility of Q-dots to serum 
albumins opens the door to understanding the binding mecha- 
nism of albumins with Q-dots and provides clues to the essential 
binding phenomenon [20,21 . In this work, chitosan (CS), a deacety- 
lated derivative of chitin, the second most abundant biopolymer 
in nature [11,22 , was used in the synthesis of Mn-doped ZnS 
(CS@ZnS:Mn) D-dots. Bovine serum albumin (BSA), one of the most 
extensively studied serum albumins, was selected as target serum 
albumin to study the interaction of CS@ZnS:Mn D-dots with pro- 
teins by using absorption and fluorescence methods. The quenching 
constants (K S y and K! S v), apparent binding constant (JC A ), and num- 
ber of binding sites (n) were obtained. Generally, most of the Q-dots 
present strong photochemical activity 20,21,23]. They respond 
well to ultraviolet (UV) illumination and produce reactive oxy- 
gen species (ROS), such as singlet molecular oxygen (^ 2 ) and 
hydroxyl radical ( # OFl), showing strong illuminated damage abil- 
ity. Thus, the illumination damages of BSA molecule in the presence 
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of CS@ZnS:Mn D-dots were also studied. Some influencing facto rs 
such as illumination time and CS@ZnS:Mn D-dots concentrations 
were investigated systemically. It is hoped that this work could 
offer some valuable information to the applications of D-dots. 

2. Experimental 

2.1. Materials 

CS with molecular weight of 6.0 x 10 5 gmol -1 and deacety- 
lation degree of 87% was obtained from Zhejiang Yuhuan 
Jingke Biology Co., Ltd, China. Commercially prepared BSA was 
obtained from Wuhan Huashun Biological Technology Co., Ltd, 
China. Zn(0Ac) 2 -2H 2 0, Mn(0Ac) 2 4H 2 0, HAc, and Na 2 S-9H 2 0 were 
obtained from Tianjin Bodi Chemical Co., Ltd, China. 

All Chemicals were of analytical reagent grade and used without 
purification. 

2.2. Apparatus and instruments 

Ultraviolet-visible (UV-vis) absorption spectra were recorded 
on a UV-1601 spectrophotometer. The fluorescence emission (FL) 
spectra were measured using a Hitachi F-4500 fluorescence spec- 
trophotometer with a Xe lamp as the light source. X-ray powder 
diffraction (XRD) analysis was recorded using a Bruker D8 Advance 
X-ray diffractometer with Cu Ka irradiation. The elementary anal- 
ysis was carried out at an Energy Dispersion Spectrum (EDS). The 
actual concentration of [Mn 2+ ] encapsulated in CS@ZnS:Mn D-dots 
was measured using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). 

2.3. Synthesis ofCS@ZnS:Mn D-dots 

CS@ZnS:Mn D-dots were synthesized by a precipitation method 
similar to that reported in the literature [24,25 . Briefly, 40 mL 
solution of Zn(OAc) 2 (O.lmolL -1 ) and Mn(OAc) 2 (0.05 molL -1 ) 
was mixed together in a beaker and stirred for 15 min. Then 
to this reaction mixture 40 mL CS solution (3.0mgmL -1 ) was 
added slowly. The solution was stirred for half an hour at 100°C. 
CS@ZnS:Mn D-dots were formed by adding 40 mL solution of Na 2 S 
(0.1 mol L -1 ) freshly prepared to the reaction mixture. The reaction 
was completed in 3.0 h, and CS@ZnS:Mn D-dots were precipitated 
at 10,000 rpm for 5 min, washed and resuspended in deionized 
water. 

2.4. Measurement of binding parameters 

BSA solution with the concentration of 1.5 x 10 -3 mmolL -1 
was prepared in Phosphate Buffered Saline buffer solution (PBS, 


pH = 7.4). To a lOmL colorimeter tube, 5mL BSA stored solution 
and appropriate volume of CS@ZnS:Mn D-dots solution were added 
and diluted to the mark with PBS buffer solution, separately. The 
final BSA concentration was 7.5 x 10 -4 mmolL -1 and the concen- 
tration of CS@ZnS:Mn D-dots was varied from 0.0 to 1.2 mmol L -1 
at 0.1 mmol L -1 ([Mn 2+ ]) intervals. All test Solutions were incu- 
bated for 30 min before measurement at different temperatures 
(293-313 1<). The FL spectra of BSA in the absence and presence 
of CS@ZnS:Mn D-dots were recorded at excitation and emission 
wavelength of 286 and 350 nm, respectively. The FL spectra of 
CS@ZnS:Mn D-dots in the absence and presence of BSA were 
recorded at excitation and emission wavelength of 332 and 595 nm, 
respectively. The UV-vis absorption spectra of the corresponding 
Solutions were also recorded in the range of 200-800 nm. 

2.5. Determination of illumination damage procedure 

Firstly, six clean lOmL colorimeter tubes were marked as 1-6, 
respectively. Four 5mL BSA Solutions with a concentration of 
1.5 x 10 -3 mmolL -1 were taken exactly and put into colorimeter 
tubes 1,2,4, and 5, respectively. And then four 1 mL of CS@ZnS:Mn 
D-dots solution with concentration of 1.0 mmolL -1 were added 
to colorimeter tubes 2, 3, 5, and 6, respectively. Finally, all of the 
colorimeter tubes were diluted to lOmL with PBS buffer solution, 
respectively. Then the tubes 4, 5, and 6 were placed directly under 
UV illumination, and the tubes 1, 2, and 3 were stored away from 
light. After illumination or placement, the UV-vis and FL spectra of 
all the samples were determined. 

Illumination time was altered to 0-8 h and CS@ZnS:Mn D- 
dots concentrations were changed from 0.0 to 1.2 mmolL -1 at 
0.1 mmol L -1 intervals, the influences on the illumination damages 
of BSA were investigated. 

3. Results and discussion 

3.1. Synthesis of CS@ZnS:Mn D-dots 

Fig. la shows XRD patterns of CS@ZnS:Mn D-dots. CS@ZnS:Mn 
D-dots displayed some obvious peaks at 20 values of 27.8°, 47.6°, 
and 57.5°, assigned to the ZnS cubic phase (1 1 1), (2 2 0), and 
(311) crystal planes. EDS spectrum of CS@ZnS:Mn D-dots, shown 
in Fig. 1b, revealed their elemental composition. It can be seen that, 
C, Zn, Mn, and S can be found from the spectral peaks. CS@ZnS:Mn 
D-dots were successfully obtained. 

As is seen in Fig. 2, using an excitation wavelength of 332 nm, an 
emission peak centered at 595 nm was observed in CS@ZnS:Mn D- 
dots. Moreover, good linear relationship between the FL intensity of 
CS@ZnS:Mn D-dots and their concentration in the 0.1 -2.0 mmol L -1 
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Fig. 1. XRD patterns (a) and EDS spectrum (b) of CS@ZnS:Mn D-dots. 


L Liu, L Xiao / Applied Surface Science 349 (2015) 83-88 


85 


3 

03 


^ 100 - 


<*) 

s 


O 

c 

<u 

CJ 

<*! 

4> 

O 

3 


50- 


2.0 mmol L 
1.6 mmol L 
1.2 mmol L 
0.8 mmol L 
0.4 mmol L 
0.1 mmol L 



550 600 

Wavelength/nm 



Fig. 2. FL spectra of CS@ZnS:Mn D-dots (a) and their FL property dependence on nanoparticles concentration (b). 


concentration range was obtained (Fig. 2b). It revealed that 
CS@ZnS:Mn D-dots were uniformly dispersed in aqueous solution 
in a large concentration range. Along with a serial representative 
emission spectrum at different concentration of CS@ZnS: Mn D-dots 
in water, no emission spectra band shift was observed. 

3.2. Spectroscopic studies of CS@ZnS:Mn-BSA interaction 

In the present study, the UV-vis absorption and FL spectra of BSA 
in the absence and presence of CS@ZnS:Mn D-dots were recorded. 
As shown in Fig. 3a, the absorption of BSA at 286 nm increased 
with the increase in the addition of CS@ZnS:Mn D-dots in the 
0.0-1. 2 mmol L -1 concentration range. Meanwhile, the intrinsic FL 
of BSA at 350 nm is gradually quenched along with the increase 
of CS@ZnS:Mn D-dots concentration (Fig. 3b). This result can be 
illustrated by the interaction of CS@ZnS:Mn D-dots with BSA. 

The Stern-Volmer equation (Eq. (1)) [26] and modified 
Stern-Volmer equation (Eq. (2)) [27] were utilized to process the 
fluorescent data, obtained at three temperatures (293, 303, and 
313 K), to clarify the FL quenching mechanism of BSA induced by 
CS@ZnS:Mn D-dots. 

Y = l+Ksv[Q] = l + t 0 K q [Q] (1) 

VFq-F ) f,\f 3 K^[d] 

where F 0 and F are the FL intensity of BSA in the absence and pres- 
ence of CS@ZnS:Mn D-dots, respectively, [Q] is the concentration 
of CS@ZnS:Mn D-dots, r 0 is the lifetime of the fluorophore (usu- 
ally 10 -8 s), K q is the bimolecular quenching rate constant,/ a is the 
fractional maximum FL intensity of BSA, and K S y, and IG SV are the 
quenching constants at the corresponding temperature. 

The K q could be calculated according to equation K q = I<svlr o or 
JCsv/to- If the value of K q is apparently much larger than 2.0 x 10 10 
(molL _1 ) _1 s _1 , and the quenching constant values are inversely 
correlated with temperature, the quenching process could be 
concluded resulting from static compound formation. If not, the 
quenching mechanism is dynamic quenching. 

The binding constant (JC A ) and the binding sites number (n) 
at each temperature can be evaluated from the Double logarithm 
regression curve of log[(F 0 -F)/F] versus log [Q] based on the follow- 
ing equation 28]: 

log (^jZ) = log K A + n log[Q] (3) 

where F 0 , F, and [Q] have the same meanings of Eq. (1 ). 

Fig. 4 displays the Stern-Volmer plots, modified Stern-Volmer 
plots, and Double logarithm plots of BSA with CS@ZnS:Mn D-dots at 
293, 303, and 313 K, respectively. The resulting JC S v, K sv, Kq, K A , and 



Table 1 

Quenching constant (/(sv), bimolecular quenching rate constant (J( q ), binding con- 
stant (/(a), and number of binding sites (n) for interaction of BSA with CS@ZnS:Mn 
D-dots at different temperatures. 


System 

CS@ZnS:Mn-BSA 


Temperature (K) 

293 

303 

313 

/(sv ((molL -1 ) -1 ) 

1.824 x 1 0 3 

1.87 x 10 3 

2.061 x 10 3 

K q ((mol L) -1 s -1 ) 

1.824 x 10 11 

1.87 x 10 11 

2.061 x 10 11 

R 2 

0.9951 

0.996 

0.9959 

/(a 

3.34 x 1 0 2 

1.23 x 10 2 

2.26 x 10 1 

N 

1.0864 

0.9465 

0.6825 

R 2 

0.9931 

0.9936 

0.9975 


n values for the interaction between BSA and CS@ZnS:Mn D-dots 
at different temperatures are listed in Table 1. 

In the present case, the Stern-Volmer plot of CS@ZnS:Mn-BSA 
sample exhibited a good linear relationship. The K S v values 
of CS@ZnS:Mn-BSA are positively correlated with temperature. 
Hence, the dominating quenching mechanism of CS@ZnS:Mn-BSA 
binding might be initiated by dynamic quenching. The average 
number of binding sites for CS@ZnS:Mn D-dots per molecule of 
BSA is 0.906, equal to 1 , indicating that there is one class of binding 
site for CS@ZnS: Mn D-dots to BSA molecule. To elucidate the nature 
of interaction between CS@ZnS:Mn D-dots with BSA, the thermo- 
dynamic parameters were calculated from the van’t Hoff plots at 
three temperatures (293, 303, and 313 K) [29 . Both the enthalpy 
change (AH) and entropy changes (AS) can be evaluated, as: 


ln/<sv = — 


AH 

~W 


+ 


AS 

T 



The free energy change (AG) was then estimated from the fol- 
lowing relationship: 


AG = AH- TAS = -RT ln/C sv 



where K S y is the quenching constant at the corresponding temper- 
ature, R is the universal gas constant 8.3 14 J mol -1 K -1 , and Tis the 
temperature. 

The resulting values of AH, AS, and AG are listed in Table 2. 
The negative values of AG reveal that the CS@ZnS:Mn-BSA bind- 
ing processes are spontaneous. The positive values of AH and AS 
display that the hydrophobic interaction play major role in the 
CS@ZnS:Mn-BSA interaction. 


Table 2 

Thermodynamic parameters for interaction of BSA with CS@ZnS:Mn D-dots. 


Temperature (K) 

AG (1<J mol -1 ) 

AH (kj mol -1 ) 

AS (J mol” 1 K" 1 ) 

293 

-18.13 



303 

-19.03 

8.009 

89.03 

313 

-19.92 
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Fig. 3. UV-vis absorption (a) and FL spectra (b) of BSA in the absence and presence of CS@ ZnS:Mn D-dots. 
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Fig. 4. Stern-Volmer plots (a), modified Stern-Volmer plots (b), and Double logarithm plots (c) of BSA with CS@ZnS:Mn D-dots concentration (from 0.0 to 1.2 mmol L -1 at 
0.1 mmolL -1 intervals) at 293, 303, and 313 K. 


3.3. The illumination damages of CS@ZnS:Mn D-dots to BSA 
molecule 

Fig. 5a shows that the pure BSA solution has only one 
strong absorption peak at 286 nm. When BSA was mixed with 
CS@ZnS:Mn D-dots, the remarkable increase of the absorption 
peak at 286 nm was observed. After UV illumination, the solu- 
tion shows much higher absorbance than the corresponding 
ones without UV illumination. Meanwhile, as shown in Fig. 5b, 
without UV illumination, the FL intensity of BSA at 350 nm in 
CS@ZnS:Mn-BSA system is quenched compared with that of the 
pure BSA. Under UV illumination, the FL intensity of BSA in 
CS@ZnS:Mn-BSA and the pure BSA all decreases, and show much 
lower FL intensity than the corresponding ones without UV illu- 
mination. The experiment results indicate that there is obvious 


synergic effect of CS@ZnS:Mn D-dots and UV illumination on the 
damage of BSA. 

The effects of illumination time on damages of BSA in the pres- 
ence and absence of CS@ZnS:Mn D-dots were studied. Fig. 6a 
shows the absorbance changes (at 286 nm) of pure BSA and 
CS@ZnS:Mn-BSA with illumination time. It can be seen that the 
absorbance of BSA all increases along with the increase of illumina- 
tion time in the presence and absence of CS@ZnS:Mn D-dots. From 
Fig. 6b it can be seen that, little decrease of FL intensity of pure 
BSA solution was found with or without UV illumination in 2.0 h 
in the presence and absence (at nitrogen atmosphere) of oxygen. 
In the presence of CS@ZnS:Mn D-dots and away from light, the FL 
intensity of CS@ZnS:Mn-BSA decreased gradually in the first 0.5 h, 
and then kept steady. Under UV illumination at nitrogen atmo- 
sphere, the FL intensity was gradually decreased to zero in more 



Fig. 5. UV-vis absorption (a) and FL spectra (b) of BSA and CS@ZnS:Mn-BSA under different condition ([BSA] = 7.5 x 10 -4 mmolL -1 , [CS@ZnS:Mn] = 0.1 mmolL -1 ). 
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Fig. 6. Changes of UV-vis absorbance (a) and FL intensity (b) of BSA and CS@ZnS:Mn-BSA with illumination time (from 0.0 to 8.0 h). 



Fig. 7. Changes of UV-vis absorbance (a) and FL intensity (b) of BSA under different condition (with CS@ZnS:Mn D-dots concentration changed from 0.0 to 1 .2 mmol L -1 ). 


than 2.0 h. Under UV illumination with air, the FL intensity was 
fleetly decreased to zero in less than 2.0 h. It means that the dam- 
age of the BSA molecule becomes more and more serious with the 
increase of illumination time. 

It can be seen in Fig. 7a, the absorption peak of BSA solution 
all increases with the increase of CS@ZnS:Mn D-dots concentra- 
tion. For the same concentration, the absorption is obviously higher 
under UV illumination than that without UV illumination. That is, 
on the basis of interaction, the BSA molecule is further damaged 
in the presence of CS@ZnS:Mn D-dots under UV illumination. The 
influences of CS@ZnS:Mn D-dots concentration are also studied 
by FL spectra. Fig. 7b shows that, the FL intensity of BSA solution 
decreases along with the increase of CS@ZnS:Mn D-dots concen- 
tration. For corresponding CS@ZnS:Mn D-dots concentration, the 
FL intensity of BSA solution under UV illumination is quenched 
more serious. It indicates that, CS@ZnS:Mn D-dots have a very 
significant positive influence on the damage of BSA under UV 
illumination. 

The changes of FL intensity of CS@ZnS:Mn D-dots in the pres- 
ence of BSA were also studied. Fig. 8 describes the effect of BSA on 
the FL intensity of CS@ZnS:Mn D-dots. The FL intensity all increases 
along with the increase of CS@ZnS:Mn D-dots concentration. There 
are good linear relationships between relative FL intensity and con- 
centration of CS@ZnS:Mn D-dots in the absence and presence of 
BSA solution with and without UV illumination. Simultaneously, 
we found that the FL intensity of CS@ZnS:Mn D-dots is higher in 
the presence of BSA. After UV illumination in the presence of BSA, 
the FL intensity of CS@ZnS:Mn D-dots increased more. 

The effects of illumination time on the FL spectra of CS@ZnS:Mn 
D-dots in the presence and absence of BSA solution were also stud- 
ied (Fig. 9). It can be seen that, the FL intensity of pure CS@ZnS:Mn 
D-dots is constant in 1.0 h without UV illumination, and then 
decreases along with the increase of illumination time. However, 
the FL intensity of CS@ZnS:Mn D-dots all increases along with the 
increase of illumination time in the presence of BSA. 



Fig. 8. Linear dependence of FL intensity with reciprocai concentration of 
CS@ZnS:Mn D-dots in the absence and presence ofBSA( [BSA] = 7.5 x 10 -4 mmolL -1 ) 
with and without UV illumination. 



Fig. 9. Changes of FL intensity of CS@ZnS:Mn D-dots in the absence and presence 
of BSA ([BSA] = 7.5 x 10 -4 mmol L _1 ) with UV illumination time (from 0.0 to 1.0 h). 
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Fig. 10. Chances of UV-vis absorbance of DPCO generated from DPCI with illumination time (a) and CS@ZnS:Mn D-dots concentration (b), and various ROS quenchers (c). 
Data estimated from the average of n = 3 experiments, and error bars represent one standard deviation from the mean. 


3.4. Mechanism discussion 

CS@ZnS:Mn D-dots as photosensitizers was irradiated by 
UV illumination and the generated ROS was investigated by 
the method of Oxidation-Extraction Spectrometry (OEP) [20,30]. 
Fig. 10 shows that, the absorbance of diphenylcarbonzone (DPCO) 
generated from diphenylcarbonzide (DPCI) obviously increases 
along with the increase of illumination time and CS@ZnS:Mn D-dots 
concentration. Moreover, the hyperchromic effect is more obvi- 
ous in the present of CS@ZnS:Mn D-dots. Generally, the L-Histidine 
(His) can quench the singlet State molecular oxygen ( 1 0 2 ), the 2,6- 
Di-tert-butyl-methyphenol (BHT) can quench the hydroxyl radicais 
(•OH), and the Vitamin C (Vc) can quench almost all kinds of ROS. 
Here, His, BHT, Vc are used to determine the kind of generated ROS. 
Fig. 10c shows that the absorbance of DPCO generated from DPCI is 
obviously weakened in different degrees after the addition of His, 
BHT, and Vc. This phenomenon estimates that CS@ZnS:Mn D-dots 
under UV illumination can lead to the generation of several kinds 
of ROS, at least including 1 0 2 and *OH, and the quantities of ROS 
increase with the increase of illumination time and CS@ZnS:Mn 
D-dots concentration. 

It is well known that the *OH radical is a powerful oxidizing 
agent capable of degrading most biomolecules. According to inves- 
tigations mentioned above, in the presence of CS@ZnS:Mn D-dots 
and UV illumination, a photo-induced free radical process for BSA 
damage would be expected. CS@ZnS :Mn D-dots form complex with 
BSA. The BSA free radicais could be produced in the system, the 
increases of FL intensity of CS@ZnS:Mn D-dots can be explained 
by further cross-linking and polymerization of the BSA molecule 
adsorbed on the surface of CS@ZnS:Mn D-dots, which results in a 
better passivation of surface States act as nonradiative recombina- 
tion center 31 . 

4. Conclusion 

In summary, the interaction studies of BSA with CS@ZnS:Mn 
D-dots as well as the illumination damages of CS@ZnS:Mn D-dots 
to BSA molecule were investigated by UV-vis absorption and FL 
spectra. According to the calculation of fluorescence quenching, the 
dominating quenching mechanism of CS@ZnS:Mn D-dots with BSA 
belongs to dynamic quenching. The hydrophobic interaction plays 
major roles in the CS@ZnS:Mn-BSA interaction, the binding pro- 
cesses are spontaneous. The coaction of CS@ZnS:Mn D-dots and 
UV illumination leads to more serious damages to BSA molecule. 


The probable quenching mechanism is mainly a photo-induced free 
radical procedure. A proportionate quenching in BSA fluorescence 
is followed by an enhancement of CS@ZnS:Mn D-dots fluorescence. 
CS@ZnS:Mn D-dots may be potential candidate for application in 
biological studies. Our work provides some useful suggestions for 
D-dots’ further investigations. 
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